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When suppressing the itinerant antiferromagnetism in chromium by doping with the isostruc-
tual itinerant ferromagnet iron, a dome of spin-glass behavior emerges around a putative quantum
critical point at an iron concentration x ≈ 0.15. Here, we report a comprehensive investigation of
polycrystalline samples of FexCr1−x in the range 0.05 ≤ x ≤ 0.30 using x-ray powder diffraction,
magnetization, ac susceptibility, and neutron depolarization measurements, complemented by spe-
cific heat and electrical resistivity data for x = 0.15. Besides antiferromagnetic (x < 0.15) and
ferromagnetic regimes (0.15 ≤ x), we identify a dome of reentrant spin-glass behavior at low tem-
peratures for 0.10 ≤ x ≤ 0.25 that is preceded by a precursor phenomenon. Neutron depolarization
indicates an increase of the size of ferromagnetic clusters with increasing x and the Mydosh parame-
ter φ, inferred from the ac susceptibility, implies a crossover from cluster-glass to superparamagnetic
behavior. Taken together, these findings consistently identify FexCr1−x as an itinerant-electron sys-
tem that permits to study the evolution of spin-glass behavior of gradually varying character in
unchanged crystalline environment.
I. MOTIVATION
Chromium is considered as the archetypical itinerant
antiferromagnet [1, 2]. Interestingly, it shares its body-
centered cubic crystal structure Im3m with the archetyp-
ical itinerant ferromagnet α-iron and, at melting temper-
ature, all compositions FexCr1−x [3]. As a result, the
Cr–Fe system offers the possibility to study the interplay
of two fundamental forms of magnetic order in the same
crystallographic environment.
Chromium exhibits transverse spin-density wave order
below a Ne´el temperature TN = 311 K and longitudinal
spin-density wave order below TSF = 123 K [1]. Under
substitutional doping with iron, the longitudinal spin-
density wave order becomes commensurate at x = 0.02.
For 0.04 < x, only commensurate antiferromagnetic or-
der is observed [4–6]. The Ne´el temperature decreases
at first linearly with increasing x and vanishes around
x ≈ 0.15 [4–8]. Increasing x further, a putative lack of
long-range magnetic order [8] is followed by the onset of
ferromagnetic order at x ≈ 0.18 with a monotonic in-
crease of the Curie temperature up to TC = 1041 K in
pure α-iron [9–14].
The suppression of magnetic order is reminiscent of
quantum critical systems under pressure [15–17], where
substitutional doping of chromium with iron decreases
the unit cell volume. In comparison to stoichiometric
systems tuned by hydrostatic pressure, however, disorder
and local strain are expected to play a crucial role in
FexCr1−x. This conjecture is consistent with reports on
superparamagnetic behavior for 0.20 ≤ x ≤ 0.29 [10],
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mictomagnetic behavior [18] gradually evolving towards
ferromagnetism for 0.09 ≤ x ≤ 0.23 [19], and spin-glass
behavior for 0.14 ≤ x ≤ 0.19 [5, 6, 12–14, 20].
Despite the rather unique combination of properties,
notably a metallic spin glass emerging at the border
of both itinerant antiferromagnetic and ferromagnetic
order, comprehensive studies addressing the magnetic
properties of FexCr1−x in the concentration range of pu-
tative quantum criticality are lacking. In particular, a
classification of the spin-glass regime, to the best of our
knowledge, has not been addressed before.
Here, we report a study of polycrystalline samples of
FexCr1−x covering the concentration range 0.05 ≤ x ≤
0.30, i.e., from antiferromagnetic doped chromium well
into the ferromagnetically ordered state of doped iron.
The compositional phase diagram inferred from magne-
tization and ac susceptibility measurements is in agree-
ment with previous reports [6, 13, 14]. As the perhaps
most notable new observation, we identify a precursor
phenomenon preceding the onset of spin-glass behavior in
the imaginary part of the ac susceptibility. For the spin-
glass state, analysis of ac susceptibility data recorded at
different excitation frequencies by means of the Mydosh
parameter, power-law fits, and a Vogel–Fulcher ansatz
establishes a crossover from cluster-glass to superpara-
magnetic behavior as a function of increasing x. Micro-
scopic evidence for this evolution is provided by neutron
depolarization, indicating an increase of the size of ferro-
magnetic clusters with x.
Our paper is organized as follows. In Sec. II, the prepa-
ration of the samples and their metallurgical characteri-
zation by means of x-ray powder diffraction is reported.
In addition, experimental details are briefly described.
Providing a first point of reference, the presentation of
the experimental results starts in Sec. III with the com-
positional phase diagram as inferred in our study, before
turning to a detailed description of the ac susceptibil-
ity and magnetization data. Next, neutron depolariza-
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2tion data are presented, allowing to extract the size of
ferromagnetically ordered clusters from exponential fits.
Exemplary data on the specific heat, electrical resistiv-
ity, and high-field magnetization for x = 0.15 complete
this section. In Sec. IV, information on the nature of the
spin-glass behavior in FexCr1−x and its evolution under
increasing x is inferred from an analysis of ac suscepti-
bility data recorded at different excitation frequencies.
Finally, in Sec. V the central findings of this study are
summarized.
II. EXPERIMENTAL METHODS
Polycrystalline samples of FexCr1−x for 0.05 ≤ x ≤
0.30 (x = 0.05, 0.10, 0.15, 0.16, 0.17, 0.18, 0.18, 0.19,
0.20, 0.21, 0.22, 0.25, 0.30) were prepared from iron (4N)
and chromium (5N) pieces by means of radio-frequency
induction melting in a bespoke high-purity furnace [21].
No losses in weight or signatures of evaporation were ob-
served. In turn, the composition is denoted in terms of
the weighed-in amounts of starting material. Prior to
the synthesis, the furnace was pumped to ultra-high vac-
uum and subsequently flooded with 1.4 bar of argon (6N)
treated by a point-of-use gas purifier yielding a nominal
purity of 9N. For each sample, the starting elements were
melted in a water-cooled Hukin crucible and the resulting
specimen was kept molten for about 10 min to promote
homogenization. Finally, the sample was quenched to
room temperature. With this approach, the imminent
exsolution of the compound into two phases upon cool-
ing was prevented, as suggested by the binary phase dia-
gram of the Fe–Cr system reported in Ref. [3]. From the
resulting ingots samples were cut with a diamond wire
saw.
Powder was prepared of a small piece of each ingot us-
ing an agate mortar. X-ray powder diffraction at room
temperature was carried out on a Huber G670 diffrac-
tometer using a Guinier geometry. Fig. 1(a) shows the
diffraction pattern for x = 0.15, representing typical
data. A Rietveld refinement based on the Im3m struc-
ture yields a lattice constant a = 2.883 A˚. Refinement
and experimental data are in excellent agreement, indi-
cating a high structural quality and homogeneity of the
polycrystalline samples. With increasing x, the diffrac-
tion peaks shift to larger angles, as shown for the (011)
peak in Fig. 1(b), consistent with a linear decrease of the
lattice constant in accordance with Vegard’s law.
Measurements of the magnetic properties and neutron
depolarization were carried out on thin discs with a thick-
ness of ∼0.5 mm and a diameter of ∼10 mm. Specific
heat and electrical transport for x = 0.15 were measured
on a cube of 2 mm edge length and a platelet of dimen-
sions 5× 2× 0.5 mm3, respectively.
The magnetic properties, the specific heat, and the
electrical resistivity were measured in a Quantum De-
sign physical properties measurement system. The mag-
netization was measured by means of an extraction tech-
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FIG. 1. X-ray powder diffraction data of FexCr1−x.
(a) Diffraction pattern for x = 0.15. The Rietveld refinement
(red curve) is in excellent agreement with the experimental
data and confirms the Im3m structure. (b) Diffraction pat-
tern around the (011) peak for all concentrations studied. For
clarity, the intensities are normalized and curves are offset by
0.1. Inset: Linear decrease of the lattice constant a with in-
creasing x. The solid gray line represents a guide to the eye.
nique. If not stated otherwise, the ac susceptibility was
measured at an excitation amplitude of 0.1 mT and an
excitation frequency of 1 kHz. Additional ac susceptibil-
ity data for the analysis of the spin-glass behavior were
recorded at frequencies ranging from 10 Hz to 10 kHz.
The specific heat was measured using a quasi-adiabatic
large-pulse technique with heat pulses of about 30% of
the current temperature [22]. For the measurements of
the electrical resistivity the samples were contacted in
a four-terminal configuration and a bespoke setup was
used based on a lock-in technique at an excitation am-
plitude of 1 mA and an excitation frequency of 22.08 Hz.
Magnetic field and current were applied perpendicular
to each other, corresponding to the transverse magneto-
resistance.
Neutron depolarization measurements were carried out
at the instrument ANTARES [23] at the Heinz Maier-
Leibniz Zentrum (MLZ). The incoming neutron beam
had a wavelength λ = 4.13 A˚ and a wavelength spread
3∆λ/λ = 10%. It was polarized using V-cavity super-
mirrors. The beam was transmitted through the sample
and its polarization analyzed using a second polarizing
V-cavity. While nonmagnetic samples do not affect the
polarization of the neutron beam, the presence of ferro-
magnetic domains in general results in a precession of the
neutron spins. In turn, the transmitted polarization with
respect to the polarization axis of the incoming beam is
reduced. This effect is referred to as neutron depolar-
ization. Low temperatures and magnetic fields for this
experiment were provided by a closed-cycle refrigerator
and water-cooled Helmholtz coils, respectively. A small
guide field of 0.5 mT was generated by means of perma-
nent magnets. For further information on the neutron
depolarization setup, we refer to Refs. [24–26].
All data shown as a function of temperature in this
paper were recorded at a fixed magnetic field under in-
creasing temperature. Depending on how the sample was
cooled to 2 K prior to the measurement, three tempera-
ture versus field histories are distinguished. The sample
was either cooled (i) in zero magnetic field (zero-field
cooling, zfc), (ii) with the field at the value applied dur-
ing the measurement (field cooling, fc), or (iii) in a field
of 250 mT (high-field cooling, hfc). For the magnetiza-
tion data as a function of field, the sample was cooled
in zero field. Subsequently, data were recorded during
the initial increase of the field to +250 mT correspond-
ing to a magnetic virgin curve, followed by a decrease to
−250 mT, and a final increase back to +250 mT.
III. EXPERIMENTAL RESULTS
A. Phase diagram and bulk magnetic properties
The presentation of the experimental results starts
with the compositional phase diagram of FexCr1−x, il-
lustrating central results of our study. An overview of
the entire concentration range studied, 0.05 ≤ x ≤ 0.30,
and a close-up view around the dome of spin-glass be-
havior are shown in Figs. 2(a) and 2(b), respectively.
Characteristic temperatures inferred in this study are
complemented by values reported by Burke and cowork-
ers [6, 13, 14], in good agreement with our results. Com-
paring the different physical properties in our study, we
find that the imaginary part of the ac susceptibility dis-
plays the most pronounced signatures at the various
phase transitions and crossovers. Therefore, the imag-
inary part was used to define the characteristic tempera-
tures as discussed in the following. The same values are
then marked in the different physical properties to high-
light the consistency with alternative definitions of the
characteristic temperatures based on these properties.
Four regimes may be distinguished in the phase dia-
gram, namely paramagnetism at high temperatures (PM,
no shading), antiferromagnetic order for small values of
x (AFM, green shading), ferromagnetic order for larger
values of x (FM, blue shading), and spin-glass behavior
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FIG. 2. Zero-field composition–temperature phase diagram
of FexCr1−x. Data inferred from ac susceptibility, χac, and
neutron depolarization are combined with data reported by
Burke and coworkers [6, 13, 14]. Paramagnetic (PM), antifer-
romagnetic (AFM), ferromagnetic (FM), and spin-glass (SG)
regimes are distinguished. A precursor phenomenon is ob-
served above the dome of spin-glass behavior (purple line).
(a) Overview. (b) Close-up view of the regime of spin-glass
behavior as marked by the dashed box in panel (a).
at low temperatures (SG, orange shading). We note that
faint signatures reminiscent of those attributed to the on-
set of ferromagnetic order are observed in the susceptibil-
ity and neutron depolarization for 0.15 ≤ x ≤ 0.18 (light
blue shading). In addition, a distinct precursor phe-
nomenon preceding the spin-glass behavior is observed
at the temperature TX (purple line) across a wide con-
centration range. Before elaborating on the underlying
experimental data, we briefly summarize the key charac-
teristics of the different regimes.
We attribute the onset of antiferromagnetic order be-
low the Ne´el temperature TN for x = 0.05 and x = 0.10
to a sharp kink in the imaginary part of the ac suscep-
tibility, where values of TN are consistent with previous
reports [6, 8]. As may be expected, the transition is
4not sensitive to changes of the magnetic field, excitation
frequency, or cooling history. The absolute value of the
magnetization is small and it increases essentially linearly
as a function of field in the parameter range studied.
We identify the emergence of ferromagnetic order be-
low the Curie temperature TC for 0.18 ≤ x from a max-
imum in the imaginary part of the ac susceptibility that
is suppressed in small magnetic fields of a few millitesla.
This interpretation is corroborated by the onset of neu-
tron depolarization. The transition is not sensitive to
changes of the excitation frequency or cooling history.
The magnetic field dependence of the magnetization ex-
hibits a characteristic S-shape with almost vanishing hys-
teresis, reaching quasi-saturation at small fields. Both
characteristics are expected for a soft ferromagnetic ma-
terial such as iron. For 0.15 ≤ x ≤ 0.18, faint signatures
reminiscent of those observed for 0.18 ≤ x, such as a
small shoulder instead of a maximum in the imaginary
part of the ac susceptibility, are interpreted in terms of
an incipient onset of ferromagnetic order.
We identify reentrant spin-glass behavior below a freez-
ing temperature Tg for 0.10 ≤ x ≤ 0.25 from a pro-
nounced maximum in the imaginary part of the ac sus-
ceptibility that is suppressed at intermediate magnetic
fields of the order of 50 mT. The transition shifts to
lower temperatures with increasing excitation frequency,
representing a hallmark of spin glasses. Further key indi-
cations for spin-glass behavior below Tg are a branching
between different cooling histories in the temperature de-
pendence of the magnetization and neutron depolariza-
tion as well as mictomagnetic behavior in the field de-
pendence of the magnetization, i.e., the virgin magnetic
curve lies outside the hysteresis loop obtained when start-
ing from high magnetic field.
In addition, we identify a precursor phenomenon pre-
ceding the onset of spin-glass behavior at a temperature
TX based on a maximum in the imaginary part of the
ac susceptibility that is suppressed in small magnetic
fields reminiscent of the ferromagnetic transition. With
increasing excitation frequency the maximum shifts to
lower temperatures, however at a smaller rate than the
freezing temperature Tg. Interestingly, the magnetiza-
tion and neutron depolarization exhibit no signatures at
TX.
B. Zero-field ac susceptibility
The real and imaginary parts of the zero-field ac sus-
ceptibility on a logarithmic temperature scale are shown
in Fig. 3 for each sample studied. Characteristic temper-
atures are inferred from the imaginary part and marked
by colored triangles in both quantities. While the identi-
fication of the underlying transitions and crossovers will
be justified further in terms of the dependence of the
signatures on magnetic field, excitation frequency, and
history, as elaborated below, the corresponding temper-
atures are referred to as TN, TC, Tg, and TX already in
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FIG. 3. Zero-field ac susceptibility as a function of temper-
ature for all samples studied. For each concentration, real
part (Reχac, left column) and imaginary part (Imχac, right
column) of the susceptibility are shown. Note the logarithmic
temperature scale and the increasing scale on the ordinate
with increasing x. Triangles mark temperatures associated
with the onset of antiferromagnetic order at TN (green), spin-
glass behavior at Tg (red), ferromagnetic order at TC (blue),
and the precursor phenomenon at TX (purple). The corre-
sponding values are inferred from Imχac, see text for details.
5the following.
For small iron concentrations, such as x = 0.05 shown
in Fig. 3(a), the real part is small and essentially fea-
tureless, with exception of an increase at low tempera-
tures that may be attributed to the presence of ferro-
magnetic impurities, i.e., a so-called Curie tail [27, 28].
The imaginary part is also small but displays a kink at
the Ne´el temperature TN. In metallic specimens, such as
FexCr1−x, part of the dissipation detected via the imag-
inary part of the ac susceptibility arises from the excita-
tion of eddy currents at the surface of the sample. Eddy
current losses scale with the resistivity [29, 30] and in
turn the kink at TN reflects the distinct change of the
electrical resistivity at the onset of long-range antiferro-
magnetic order.
When increasing the iron concentration to x = 0.10,
as shown in Fig. 3(b), both the real and imaginary parts
increase by one order of magnitude. Starting at x =
0.10, a broad maximum may be observed in the real part
that indicates an onset of magnetic correlations where
the lack of further fine structure renders the extraction
of more detailed information impossible. In contrast, the
imaginary part exhibits several distinct signatures that
allow, in combination with data presented below, to infer
the phase diagram shown in Fig. 2. For x = 0.10, in
addition to the kink at TN a maximum may be observed
at 3 K which we attribute to the spin freezing at Tg.
Further increasing the iron concentration to x = 0.15,
as shown in Fig. 3(c), results again in an increase of both
the real and imaginary parts by one order of magnitude.
The broad maximum in the real part shifts to slightly
larger temperatures. In the imaginary part, two dis-
tinct maxima are resolved, accompanied by a shoulder
at their high-temperature side. From low to high tem-
peratures, these signatures may be attributed to Tg, TX,
and a potential onset of ferromagnetism at TC. No sig-
natures related to antiferromagnetism may be discerned.
For x = 0.16 and 0.17, shown in Figs. 3(d) and 3(e),
both the real and imaginary part remain qualitatively
unchanged while their absolute values increase further.
The characteristic temperatures shift slightly to larger
values.
For x = 0.18, 0.19, 0.20, 0.21, and 0.22, shown in
Figs. 3(f)–3(j), the size of the real and imaginary parts
of the susceptibility remains essentially unchanged. The
real part is best described in terms of a broad maxi-
mum that becomes increasingly asymmetric as the low-
temperature extrapolation of the susceptibility increases
with x. In the imaginary part, the signature ascribed
to the onset of ferromagnetic order at TC at larger con-
centrations develops into a clear maximum, overlapping
with the maximum at TX up to x = 0.20. For x = 0.21
and x = 0.22, three well-separated maxima may be at-
tributed to the characteristic temperatures Tg, TX, and
TC. While both Tg and TX stay almost constant with
increasing x, TC distinctly shifts to higher temperatures.
For x = 0.25, shown in Fig. 3(k), the signature at-
tributed to TX has vanished while Tg is suppressed to
about 5 K. For x = 0.30, shown in Fig. 3(l), only the
ferromagnetic transition at TC remains and the suscep-
tibility is essentially constant below TC. Note that the
suppression of spin-glass behavior around x = 0.25 coin-
cides with the percolation limit of 24.3% in the crystal
structure Im3m, i.e., the limit above which long-range
magnetic order is expected in spin-glass systems [31]. Ta-
ble I summarizes the characteristic temperatures for all
samples studied, including an estimate of the associated
errors.
C. Magnetization and ac susceptibility under
applied magnetic fields
In order to justify further the relationship of the sig-
natures in the ac susceptibility with the different phases,
their evolution under increasing magnetic field up to
250 mT and their dependence on the cooling history are
illustrated in Fig. 4. For selected values of x, the tem-
perature dependences of the real part of the ac suscep-
tibility, the imaginary part of the ac susceptibility, and
the magnetization, shown in the first three columns, are
complemented by the magnetic field dependence of the
magnetization at low temperature, T = 2 K, shown in
the fourth column.
For small iron concentrations, such as x = 0.05 shown
in Figs. 4(a1)–4(a4), both Reχac and Imχac remain
qualitatively unchanged up to the highest fields studied.
The associated stability of the transition at TN under
magnetic field represents a key characteristic of itiner-
ant antiferromagnetism, which is also observed in pure
chromium. Consistent with this behavior, the magne-
tization is small and increases essentially linearly in the
field range studied. No dependence on the cooling history
is observed.
For intermediate iron concentrations, such as x = 0.15,
x = 0.17, and x = 0.18 shown in Figs. 4(b1) to 4(d4), the
broad maximum in Reχac is suppressed under increasing
field. Akin to the situation in zero field, the evolution
of the different characteristic temperatures is tracked in
Imχac. Here, the signatures associated with TX and TC
proof to be highly sensitive to magnetic fields and are
suppressed already above about 2 mT. The maximum
associated with the spin freezing at Tg is suppressed at
higher field values.
In the magnetization as a function of temperature,
shown in Figs. 4(b3) to 4(d3), a branching between dif-
ferent cooling histories may be observed below Tg. Com-
pared to data recorded after field cooling (fc), for which
the temperature dependence of the magnetization is es-
sentially featureless at Tg, the magnetization at low tem-
peratures is reduced for data recorded after zero-field
cooling (zfc) and enhanced for data recorded after high-
field cooling (hfc). Such a history dependence is typi-
cal for spin glasses [32], but also observed in materials
where the orientation and population of domains with a
net magnetic moment plays a role, such as conventional
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FIG. 4. Magnetization and ac susceptibility in magnetic fields up to 250 mT for selected concentrations (increasing from top
to bottom). Triangles mark the temperatures TN (green), Tg (red), TC (blue), and TX (purple). The values shown in all
panels correspond to those inferred from Imχac in zero field. (a1)–(f1) Real part of the ac susceptibility, Reχac, as a function
of temperature on a logarithmic scale for different magnetic fields. (a2)–(f2) Imaginary part of the ac susceptibility, Imχac.
(a3)–(f3) Magnetization for three different field histories, namely high-field cooling (hfc), field cooling (fc), and zero-field cooling
(zfc). (a4)–(f4) Magnetization as a function of field at a temperature of 2 K after initial zero-field cooling. Arrows indicate the
sweep directions. The scales of the ordinates for all quantities increase from top to bottom.
ferromagnets.
The spin-glass character below Tg is corroborated by
the field dependence of the magnetization shown in
Figs. 4(b4) to 4(d4), which is perfectly consistent with
the temperature dependence. Most notably, in the spin-
glass regime at low temperatures, mictomagnetic behav-
ior is observed, i.e., the magnetization of the magnetic
virgin state obtained after initial zero-field cooling (red
curve) is partly outside the hysteresis loop obtained when
starting from the field-polarized state at large fields (blue
curves) [33]. This peculiar behavior is not observed in fer-
romagnets and represents a hallmark of spin glasses [31].
For slightly larger iron concentrations, such as x = 0.22
shown in Figs. 4(e1) to 4(e4), three maxima at Tg, TX,
and TC are clearly separated. With increasing field, first
the high-temperature maximum associated with TC is
suppressed, followed by the maxima at TX and Tg. The
hysteresis loop at low temperatures is narrower, becom-
7TABLE I. Summary of the characteristic temperatures in
FexCr1−x as inferred from the imaginary part of the ac sus-
ceptibility and neutron depolarization data. We distinguish
the Ne´el temperature TN, the Curie temperature TC, the spin
freezing temperature Tg, and the precursor phenomenon at
TX. Temperatures inferred from neutron depolarization data
are denoted with the superscript ‘D’. For TDC , the errors were
extracted from the fitting procedure (see below), while all
other errors correspond to estimates of read-out errors.
x TN (K) Tg (K) TX (K) TC (K) T
D
g (K) T
D
C (K)
0.05 240± 5 - - - - -
0.10 190± 5 3± 5 - - - -
0.15 - 11± 2 23± 3 30± 10 - -
0.16 - 15± 2 34± 3 42± 10 18± 5 61± 10
0.17 - 20± 2 36± 3 42± 10 23± 5 47± 2
0.18 - 22± 2 35± 3 42± 10 22± 5 73± 1
0.19 - 19± 2 37± 5 56± 10 25± 5 93± 1
0.20 - 19± 2 35± 5 50± 10 24± 5 84± 1
0.21 - 14± 2 35± 5 108± 5 25± 5 101± 1
0.22 - 13± 2 32± 5 106± 5 21± 5 100± 1
0.25 - 5± 5 - 200± 5 - -
0.30 - - - 290± 5 - -
ing akin to that of a conventional soft ferromagnet. For
large iron concentrations, such as x = 0.30 shown in
Figs. 4(f1) to 4(f4), the evolution of Reχac, Imχac, and
the magnetization as a function of magnetic field con-
sistently corresponds to that of a conventional soft ferro-
magnet with a Curie temperature TC of more than 200 K.
For the ferromagnetic state observed here, all domains
are aligned in fields exceeding ∼50 mT.
D. Neutron depolarization
The neutron depolarization of samples in the central
composition range 0.15 ≤ x ≤ 0.22 was studied to gain
further insights on the microscopic nature of the different
magnetic states. Figure 5 shows the polarization, P , of
the transmitted neutron beam with respect to the polar-
ization axis of the incoming neutron beam as a function
of temperature. In the presence of ferromagnetically or-
dered domains or clusters that are large enough to induce
a Larmor precession of the neutron spin during its tran-
sit, adjacent neutron trajectories pick up different Lar-
mor phases due to the domain distribution in the sam-
ple. When averaged over the pixel size of the detector,
this process results in polarization values below 1, also
referred to as neutron depolarization. For a pedagogi-
cal introduction to the time and space resolution of this
technique, we refer to Refs. [24, 34–36].
For x = 0.15, shown in Fig. 5(a), no depolarization is
observed. For x = 0.16, shown in Fig. 5(b), a weak de-
crease of polarization emerges below a point of inflection
at TC ≈ 60 K (blue triangle). The value of TC may be
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FIG. 5. Remaining neutron polarization after transmission
through 0.5 mm of FexCr1−x as a function of temperature for
0.15 ≤ x ≤ 0.22 (increasing from top to bottom). Data were
measured in zero magnetic field under increasing temperature
following initial zero-field cooling (zfc) or high-field cooling
(hfc). Colored triangles mark the Curie transition TC and
the freezing temperature Tg. Orange solid lines are fits to the
experimental data, see text for details.
inferred from a fit to the experimental data as described
below and is in reasonable agreement with the value in-
ferred from the susceptibility. The partial character of
the depolarization, P ≈ 0.96 in the low-temperature
limit, indicates that ferromagnetically ordered domains
of sufficient size occupy only a fraction of the sample vol-
8ume. At lower temperatures, a weak additional change
of slope may be attributed to the spin freezing at Tg (red
triangle).
For x = 0.17, shown in Fig. 5(c), both signatures get
more pronounced. In particular, data recorded after zero-
field cooling (zfc) and high-field cooling (hfc) branch be-
low Tg, akin to the branching observed in the magneti-
zation. The underlying dependence of the microscopic
magnetic texture on the cooling history is typical for a
spin glass. Note that the amount of branching varies
from sample to sample. Such pronounced sample depen-
dence is not uncommon in spin-glass systems, though the
microscopic origin of these irregularities in FexCr1−x re-
mains to be resolved.
When further increasing x, shown in Figs. 5(c)–5(h),
the transition temperature TC shifts to larger values and
the depolarization gets more pronounced until essentially
reaching P = 0 at low temperatures for x = 0.22. No
qualitative changes are observed around x = 0.19, i.e.,
the composition for which the onset of long-range ferro-
magnetic order was reported previously [13]. Instead, the
gradual evolution as a function of x suggests that ferro-
magnetically ordered domains start to emerge already for
x ≈ 0.15 and continuously increase in size and/or num-
ber with x. This conjecture is also consistent with the
appearance of faint signatures in the susceptibility. Note
that there are no signatures related to TX.
In order to infer quantitative information, the neutron
depolarization data were fitted using the formalism of
Halpern and Holstein [37]. Here, spin-polarized neutrons
are considered as they are traveling through a sample
with randomly oriented ferromagnet domains. When the
rotation of the neutron spin is small for each domain, i.e.,
when ωLt  2pi with the Larmor frequency ωL and the
time required for transiting the domain t, the tempera-
ture dependence of the polarization of the transmitted
neutrons may be approximated as
P (T ) = exp
[
−1
3
γ2B20(T )
dδ
v2
]
. (1)
Here, γ is the gyromagnetic ratio of the neutron, B0(T )
is the temperature-dependent average magnetic flux per
domain, d is the sample thickness along the flight direc-
tion, δ is the mean magnetic domain size, and v is the
speed of the neutrons. In mean-field approximation, the
temperature dependence of the magnetic flux per domain
is given by
B0(T ) = µ0
2M0
2
(
1− T
TC
)β
(2)
where µ0 is the vacuum permeability, M0 is the sponta-
neous magnetization in each domain, and β is the criti-
cal exponent. In the following, we use the magnetization
value measured at 2 K in a magnetic field of 250 mT as an
approximation for M0 and set β = 0.5, i.e., the textbook
value for a mean-field ferromagnet. Note that M0 more
than triples when increasing the iron concentration from
TABLE II. Summary of the Curie temperature, TC, and the
mean domain size, δ, in FexCr1−x as inferred from neutron
depolarization studies. Also shown is the magnetization mea-
sured at a temperature of 2 K in a magnetic field of 250 mT,
M0.
x TDC (K) δ (µm) M0 (10
5A/m)
0.15 - - 0.70
0.16 61± 10 0.61± 0.10 0.84
0.17 47± 2 2.12± 0.15 0.96
0.18 73± 1 3.17± 0.07 1.24
0.19 93± 1 3.47± 0.02 1.64
0.20 84± 1 4.67± 0.03 1.67
0.21 101± 1 3.52± 0.03 2.18
0.22 100± 1 5.76± 0.13 2.27
x = 0.15 to x = 0.22, as shown in Tab. II, suggesting
that correlations become increasingly important.
Fitting the temperature dependence of the polarization
for temperatures above Tg according to Eq. (1) yields
mean values for the Curie temperature TC and the do-
main size δ, cf. solid orange lines in Fig. 5 tracking the
experimental data. The results of the fitting are sum-
marized in Tab. II. The values of TC inferred this way
are typically slightly higher than those inferred from the
ac susceptibility, cf. Tab. I. This shift could be related
to depolarization caused by slow ferromagnetic fluctua-
tions prevailing at temperatures just above the onset of
static magnetic order. Yet, both values of TC are in rea-
sonable agreement. The mean size of ferromagnetically
aligned domains or clusters, δ, increases with increasing
x, reflecting the increased density of iron atoms. As will
be shown below, this general trend is corroborated also
by an analysis of the Mydosh parameter indicating that
FexCr1−x transforms from a cluster glass for small x to
a superparamagnet for larger x.
E. Specific heat, high-field magnetometry, and
electrical resistivity
To obtain a complete picture of the low-temperature
properties of FexCr1−x, the magnetic properties at low
fields presented so far are complemented by measure-
ments of the specific heat, high-field magnetization, and
electrical resistivity on the example of FexCr1−x with
x = 0.15.
The specific heat as a function of temperature mea-
sured in zero magnetic field is shown in Fig. 6(a). At high
temperatures, the specific heat approaches the Dulong–
Petit limit of CDP = 3R = 24.9 J mol
−1K−1, as il-
lustrated in the inset. With decreasing temperature,
the specific heat monotonically decreases, lacking pro-
nounced anomalies at the different characteristic temper-
atures.
The specific heat at high temperatures is dominated
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FIG. 6. Low-temperature properties of FexCr1−x with x =
0.15. (a) Specific heat as a function of temperature. Zero-field
data (black curve) and an estimate for the phonon contribu-
tion using the Debye model (gray curve) are shown. Inset:
Specific heat at high temperatures approaching the Dulong–
Petit limit. (b) Specific heat divided by temperature. Af-
ter subtraction of the phonon contribution, magnetic con-
tributions at low temperatures are observed (green curve).
(c) Magnetic contribution to the entropy obtained by numer-
ical integration. (d) Magnetization as a function of field up
to ±9 T for different temperatures. (e) Electrical resistivity
as a function of temperature for different applied field values.
by the phonon contribution that is described well by a
Debye model with a Debye temperature ΘD = 460 K,
which is slightly smaller than the values reported for α-
iron (477 K) and chromium (606 K) [38]. As shown in
terms of the specific heat divided by temperature, C/T ,
in Fig. 6(b), the subtraction of this phonon contribu-
tion from the measured data highlights the presence of
magnetic contributions to the specific heat below ∼30 K
(green curve). As typical for spin-glass systems, no sharp
signatures are observed and the total magnetic contribu-
tion to the specific heat is rather small [32]. This finding
is substantiated by the entropy S as calculated by means
of extrapolating C/T to zero temperature and numeri-
cally integrating
S(T ) =
∫ T
0
C(T )
T
dT. (3)
As shown in Fig. 6(c), the magnetic contribution to the
entropy released up to 30 K amounts to about 0.04 R ln 2,
which corresponds to a small fraction of the total mag-
netic moment only.
Insights on the evolution of the magnetic properties
under high magnetic fields may be inferred from the mag-
netization as measured up to ±9 T, shown in Fig. 6(d).
The magnetization is unsaturated up to the highest
fields studied and qualitatively unchanged under increas-
ing temperature, only moderately decreasing in absolute
value. The value of 0.22 µB/f.u. obtained at 2 K and 9 T
corresponds to a moment of 1.46 µB/Fe, i.e., the moment
per iron atom in FexCr1−x with x = 0.15 stays below the
value of 2.2 µB/Fe observed in α-iron [39].
Finally, the electrical resistivity as a function of tem-
perature is shown in Fig. 6(e). As typical for a metal,
the resistivity is of the order of several ten µΩ cm and,
starting from room temperature, decreases essentially lin-
early with temperature. However, around 60 K, i.e., well
above the onset of magnetic order, a minimum is ob-
served before the resistivity increases towards low tem-
peratures. Such an incipient divergence of the resistivity
with decreasing temperature due to magnetic impurities
is reminiscent of single-ion Kondo systems [40–43]. When
magnetic field is applied perpendicular to the current di-
rection, this low-temperature increase is suppressed and
a point of inflection emerges around 100 K. This sensitiv-
ity with respect to magnetic fields clearly indicates that
the additional scattering at low temperatures is of mag-
netic origin. Qualitatively, the present transport data
are in agreement with earlier reports on FexCr1−x for
0 ≤ x ≤ 0.112 [44].
IV. CHARACTERIZATION OF THE
SPIN-GLASS BEHAVIOR
In spin glasses, random site occupancy of magnetic mo-
ments, competing interactions, and geometric frustration
lead to a collective freezing of the magnetic moments be-
low a freezing temperature Tg. The resulting irreversible
metastable magnetic state shares many analogies with
structural glasses. Depending on the densities of mag-
netic moments, different types of spin glasses may be dis-
tinguished. For small densities, the magnetic properties
may be described in terms of single magnetic impurities
diluted in a nonmagnetic host, referred to as canonical
spin-glass behavior. These systems are characterized by
strong interactions and the cooperative spin freezing rep-
resents a phase transition. For larger densities, clusters
form with local magnetic order and frustration between
neighboring clusters, referred to as cluster glass behav-
ior, developing superparamagnetic characteristics as the
cluster size increases. In these systems, the inter-cluster
interactions are rather weak and the spin freezing takes
place in the form of a gradual blocking. When the den-
sity of magnetic moments surpasses the percolation limit,
long-range magnetic order may be expected.
For compositions close to the percolation limit, so-
called reentrant spin-glass behavior may be observed. In
such cases, as a function of decreasing temperature first
a transition from a paramagnetic to a magnetically or-
dered state occurs before a spin-glass state emerges at
lower temperatures. As both the paramagnetic and the
spin-glass state lack long-range magnetic order, the ex-
pression reentrant alludes to the disappearance of long-
range magnetic order after a finite temperature inter-
val and consequently the re-emergence of a state without
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FIG. 7. Imaginary part of the zero-field ac susceptibility as
a function of temperature for FexCr1−x with x = 0.15 mea-
sured at different excitation frequencies f . Analysis of the
frequency-dependent shift of the spin freezing temperature
Tg allows to gain insights on the microscopic nature of the
spin-glass state.
long-range order [45].
The metastable nature of spin glasses manifests itself
in terms of a pronounced history dependence of both
microscopic spin arrangement and macroscopic magnetic
properties, translating into four key experimental obser-
vations; (i) a frequency-dependent shift of the maximum
at Tg in the ac susceptibility, (ii) a broad maximum in the
specific heat located 20% to 40% above Tg, (iii) a splitting
of the magnetization for different cooling histories, and
(iv) a time-dependent creep of the magnetization [32].
The splitting of the magnetization and the broad signa-
ture in the specific heat were addressed in Figs. 5 and
6.
In the following, the frequency dependence of the ac
susceptibility will be analyzed by means of three different
ways, namely the Mydosh parameter, power law fits, and
the Vogel–Fulcher law, permitting to classify the spin-
glass behavior in FexCr1−x and its change as a function
of composition.
In the present study, the freezing temperature Tg was
inferred from a maximum in the imaginary part of the ac
susceptibility as measured at an excitation frequency of
1 kHz. However, in a spin glass the temperature below
which spin freezing is observed depends on the excitation
frequency f , as illustrated in Fig. 7 for the example of
FexCr1−x with x = 0.15. Under increasing frequency,
the imaginary part remains qualitatively unchanged but
increases in absolute size and the maximum indicating
Tg shifts to higher temperatures. Analyzing this shift in
turn provides information on the microscopic nature of
the spin-glass behavior.
The first and perhaps most straightforward approach
utilizes the empirical Mydosh parameter φ, defined as
φ =
[
Tg(fhigh)
Tg(flow)
− 1
] [
ln
(
fhigh
flow
)]−1
(4)
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FIG. 8. Evolution of the Mydosh-parameter in FexCr1−x.
(a) Schematic depiction of the five different sequences of mag-
netic regimes observed as a function of temperature for dif-
ferent x. The following regimes are distinguished: paramag-
netic (PM), antiferromagnetic (AFM), ferromagnetic (FM),
spin-glass (SG). A precursor phenomenon (PC) may be ob-
served between FM and SG. (b) Mydosh parameter φ as a
function of the iron concentration x, allowing to classify the
spin-glass behavior as canonical (φ ≤ 0.01, gray shading),
cluster-glass (0.01 ≤ φ ≤ 0.1, yellow shading), or superpara-
magnetic (φ ≥ 0.1, brown shading).
where Tg(fhigh) and Tg(flow) are the freezing tempera-
tures as experimentally observed at high and low exci-
tation frequencies, fhigh and flow, respectively [32, 45].
Small shifts associated with Mydosh parameters be-
low 0.01 are typical for canonical spin glasses such as
MnxCu1−x, while cluster glasses exhibit intermediate val-
ues up to 0.1. Values exceeding 0.1 suggest superparam-
agnetic behavior [32, 45–47].
As summarized in Tab. III and illustrated in Fig. 8, the
Mydosh parameter in FexCr1−x monotonically increases
as a of function of increasing iron concentration. For
small x, the values are characteristic of cluster-glass be-
havior, while for large x they lie well within the regime
of superparamagnetic behavior. This evolution reflects
the increase of the mean size of ferromagnetic clusters as
inferred from the analysis of the neutron depolarization
data.
The second approach employs the standard theory for
dynamical scaling near phase transitions to Tg [45, 48].
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TABLE III. Parameters inferred from the analysis of the spin-glass behavior in FexCr1−x, namely the Mydosh parameter φ, the
zero-frequency extrapolation of the spin freezing temperature Tg(0), the characteristic relaxation time τ0, the critical exponent
zν, the Vogel–Fulcher temperature T0, and the cluster activation energy Ea. The errors were determined by means of Gaussian
error propagation (φ), the distance of neighboring data points (Tg(0)), and statistical deviations of the linear fits (τ0, zν, T0,
and Ea).
x φ Tg(0) (K) τ0 (10
−6 s) zν T0 (K) Ea (K)
0.05 - - - - - -
0.10 0.064± 0.011 - - - - -
0.15 0.080± 0.020 9.1± 0.1 0.16± 0.03 5.0± 0.1 8.5± 0.1 19.9± 0.8
0.16 0.100± 0.034 13.4± 0.1 1.73± 0.15 2.2± 0.0 11.9± 0.1 14.4± 0.3
0.17 0.107± 0.068 18.3± 0.1 6.13± 1.52 1.5± 0.1 16.3± 0.3 12.8± 0.9
0.18 0.108± 0.081 14.5± 0.1 1.18± 0.46 7.0± 0.5 16.9± 0.5 24.2± 2.3
0.19 0.120± 0.042 14.2± 0.1 0.47± 0.15 4.5± 0.2 14.6± 0.4 16.3± 1.4
0.20 0.125± 0.043 13.5± 0.1 1.29± 0.34 4.1± 0.2 13.6± 0.3 18.8± 1.3
0.21 0.138± 0.048 9.5± 0.1 1.67± 0.21 4.7± 0.1 10.3± 0.4 12.0± 1.3
0.22 0.204± 0.071 11.7± 0.1 2.95± 0.80 2.6± 0.1 11.3± 0.4 11.3± 1.2
0.25 0.517± 0.180 2.8± 0.1 75.3± 5.34 1.8± 0.1 - -
0.30 - - - - -
The relaxation time τ = 12pif is expressed in terms of the
power law
τ = τ0
[
Tg(f)
Tg(0)
− 1
]zν
(5)
where τ0 is the characteristic relaxation time of a single
moment or cluster, Tg(0) is the zero-frequency limit of the
spin freezing temperature, and zν is the critical exponent.
In the archetypical canonical spin glass MnxCu1−x, one
obtains values such as τ0 = 10
−13 s, Tg(0) = 27.5 K, and
zν = 5 [49].
The corresponding analysis is illustrated in Fig. 9(a)
for FexCr1−x with x = 0.15. First the logarithm of the ra-
tio of relaxation time and characteristic relaxation time,
ln( ττ0 ), is plotted as a function of the logarithm of the nor-
malized shift of the freezing temperature, ln
[
Tg(f)
Tg(0)
− 1
]
,
for a series of estimated values of the zero-frequency ex-
trapolation T estg (0). For each value of T
est
g (0) the data
are fitted linearly and the goodness of fit is compared by
means of the R2 coefficient, cf. inset of Fig. 9(a). The
best approximation for the zero-frequency freezing tem-
perature, Tg(0), is defined as the temperature of highest
R2. Finally, the characteristic relaxation time τ0 and the
critical exponent zν are inferred from a linear fit to the
experimental data using this value Tg(0), as shown in
Fig. 9(a) for FexCr1−x with x = 0.15.
The same analysis was carried out for all compositions
FexCr1−x featuring spin-glass behavior, yielding the pa-
rameters summarized in Tab. III. Characteristic relax-
ation times of the order of 10−6 s are inferred, i.e., sev-
eral order of magnitude larger than those observed in
canonical spin glasses and consistent with the presence of
comparably large magnetic clusters, as may be expected
for the large values of x. Note that these characteristic
times are also distinctly larger than the 10−12 s to 10−8 s
that neutrons require to traverse the magnetic clusters in
the depolarization experiments. Consequently, the clus-
ters appear quasi-static for the neutron which in turn
is a prerequisite for the observation of net depolariza-
tion across a macroscopic sample. The critical exponents
range from 1.5 to 7.0, i.e., within the range expected for
glassy systems [46, 49]. The lack of systematic evolution
of both τ0 and zν as a function of iron concentration
x suggests that these parameters in fact may be rather
sensitive to details of microscopic structure, potentially
varying substantially between individual samples.
The third approach uses the Vogel–Fulcher law, de-
veloped to describe the viscosity of supercooled liquids
and glasses, to interpret the properties around the spin
freezing temperature Tg [45, 46, 50, 51]. Calculating the
characteristic frequency f0 =
1
2piτ0
from the characteris-
tic relaxation time τ0 as determined above, the Vogel–
Fulcher law for the excitation frequency f reads
f = f0 exp
{
− Ea
kB[Tg(f)− T0]
}
(6)
where kB is the Boltzmann constant, Ea is the activa-
tion energy for aligning a magnetic cluster by the applied
field, and T0 is the Vogel–Fulcher temperature providing
a measure of the strength of the cluster interactions. As
a point of reference, it is interesting to note that values
such as Ea/kB = 11.8 K and T0 = 26.9 K are observed
in the archetypical canonical spin glass MnxCu1−x [49].
For each composition FexCr1−x, the spin freezing tem-
perature Tg(f) is plotted as a function of the inverse of
the logarithm of the ratio of characteristic frequency and
excitation frequency, 1ln(f/f0) , as shown in Fig. 9(b) for
FexCr1−x with x = 0.15. A linear fit to the experimental
data allows to infer Ea and T0 from the slope and the
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FIG. 9. Analysis of spin-glass behavior using power law
fits and the Vogel–Fulcher law for FexCr1−x with x = 0.15.
(a) Logarithm of the relaxation time as a function of the loga-
rithm of the normalized shift of the freezing temperature. The
red solid line is a power law fit allowing to infer the charac-
teristic relaxation time τ0 and the critical exponent zν. Inset:
Goodness of fit for different estimated zero-frequency extrap-
olations of the freezing temperature, T estg (0). The value Tg(0)
used in the main panel is defined as the temperature of highest
R2. (b) Spin freezing temperature as a function of the inverse
of the logarithm of the ratio of characteristic frequency and
excitation frequency. The red solid line is a fit according to
the Vogel–Fulcher law allowing to infer the cluster activation
energy Ea and the Vogel–Fulcher temperature T0.
intercept. The corresponding values for all compositions
FexCr1−x featuring spin-glass behavior are summarized
in Tab. III. All values of T0 and Ea are of the order 10 K
and positive, indicating the presence of strongly corre-
lated clusters [51–53]. Both T0 and Ea follow roughly
the evolution of the spin freezing temperature Tg, reach-
ing their maximum values around x = 0.17 or x = 0.18.
V. CONCLUSIONS
In summary, a comprehensive study of the magnetic
properties of polycrystalline FexCr1−x in the composition
range 0.05 ≤ x ≤ 0.30 was carried out by means of x-ray
powder diffraction as well as measurements of the mag-
netization, ac susceptibility, and neutron depolarization,
complemented by specific heat and electrical resistivity
data for x = 0.15. As our central result, we present a de-
tailed composition–temperature phase diagram based on
the combination of a large number of quantities. Under
increasing iron concentration x, antiferromagnetic order
akin to pure Cr is suppressed above x = 0.15, followed
by the emergence of weak magnetic order developing dis-
tinct ferromagnetic character above x = 0.18. At low
temperatures, a wide dome of reentrant spin-glass be-
havior is observed for 0.10 ≤ x ≤ 0.25, preceded by a
precursor phenomenon. Analysis of the neutron depo-
larization data and the frequency-dependent shift in the
ac susceptibility indicate that with increasing x the size
of ferromagnetically ordered clusters increases and that
the character of the spin-glass behavior changes from a
cluster glass to a superparamagnet.
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